Lead (Pb) prevails among the environmental hazards against human health. Although increasing evidence highlights the epigenetic roles underlying the Pb-induced neurotoxicity, the exact mechanisms concerning histone acetylation and its causative agents are still at its infancy. In the present study, the roles of histone deacetylases 1 and 2 (HDAC1/2), as well as acetylation of Lys9 on histone H3 (Ac-H3K9), in Pb-induced neurotoxicity were investigated. Pb was administered to PC12 cells at 10 lM for 24 h. And Sprague Dawley rats were chronically exposed to Pb through drinking water containing 250 ppm Pb for 2 months. Owing to Pb exposure, it indicated that HDAC2 was up-regulated accompanied by Ac-H3K9 downregulation. Meanwhile, chromatin immunoprecipitation assay revealed that the changes in HDAC2 were attributed to histone H3 Lys27 trimethylation occupancy on its promoter. Blockade of HDAC2 with either Trichostatin A or HDAC2-knocking down construct (shHDAC2) resulted in amelioration of neurite outgrowth deficits via increasing Ac-H3K9 levels. It implied that HDAC2 plays essential regulatory roles in Pb-induced neurotoxicity. And, coimmunoprecipitation trials revealed that HDAC2 colocalized with HDAC1, forming a so-called HDAC1/2 complex. Subsequently, it was shown that HDAC1/2 repression could markedly prevent neurite outgrowth impairment and rescue the spatial memory deficits caused by Pb exposure, unequivocally implicating this complex in the studied toxicological process. Furthermore, Notch2 maybe the functional target of the HDAC1/2 and Ac-H3K9 alterations. Our study provided insight into the precise roles of HDAC1/2 in Pb-induced neurotoxicity, and thereby provided a promising molecular target for medical intervention of neurological disorders with environmental etiology.
Lead (Pb) is recognized as a pervasive metal pollutant in both natural environment and food processing industry (AmosKroohs et al., 2017; Du et al., 2015; Senut et al., 2012) . Pb exposure could induce severe hazards for cellular growth, proliferation, or physiological function (White et al., 2007) . Among various tissues, central nervous system has long been recognized as the main target of Pb-induced toxicity Sanders et al., 2009) . Previous studies found that developmental Pb exposure could cause a battery of intellectual and behavioral deficits on children. And particularly, it resulted in impaired fine motor function, grade performance, cognition function, and hand-eye coordination, etc. (Kumar et al., 2015; Stansfield et al., 2012; White et al., 2007) . Moreover, mounting evidence exists stating that Pb exposure may lead to epigenetic dysfunction in neurological deficts (Rutten and Mill, 2009; Senut et al., 2012) . Our previous work has reported that Pb altered histone acetylation which resulted into hyperactivity in rats' behavior (Luo et al., 2014) .
Histone acetylation could either strengthen or weaken the genetic effects through fine-tuning the expression of functional genes (Allfrey et al., 1964; Luo et al., 2014) . Its balanced level is maintained by histone acetyltransferases and histone deacetylases (HDACs) (Luo et al., 2014) . On the basis of their homology with respective yeast orthologues, HDACs are classified into 4 groups: Class I HDACs (1-3 and 8) are usually detected in the nucleus; Class 9, 10) can shuttle between the nucleus and the cytoplasm; Class III HDACs are homologous to the yeast Sir2 and HDAC11 is the sole member of the Class IV HDAC (Tang et al., 2013) . HDAC2, a member of Class I HDACs (Yao et al., 2012) , is involved in several toxicological process, for instance, malignant transformation induced by monomethylarsonous acid, and fetal adrenal steroidogenesis induced by prenatal caffeine ingestion (Ge et al., 2013) . Interestingly, HDAC2's aberrant performance was also found to exert adverse effects on memories, manifested by the suppressed spine formation in the murine hippocampal neurons (Guan et al., 2009; Ping et al., 2014) . HDAC1 is another Class I family member. However, although HDAC2 specifically regulated synaptic plasticity and memory formation, HDAC1 did not exhibit a similar capacity (Guan et al., 2009) . Specifically, in spite of distinctive roles, HDAC1 and HDAC2 can, in some particular instances, got assembled into a complex to regulate gene expression (Grozinger and Schreiber, 2002; Mahgoub et al., 2016) . For instance, in hepatocellular carcinoma, HDAC1/2 formed a corepressor complex with snail to promote the metastasis of hepatocellular carcinoma (Nie et al., 2016) . Nonetheless, HDAC1 and HDAC2 have not been previously linked with the environmental etiology of the neurological diseases. To date, there are a few studies to associate Pb-induced neurotoxicity with histone acetylation (Luo et al., 2014) , but the roles of HDAC1/2 were never fully addressed.
There is a cross-talk between cell proliferation/differentiation and Notch signaling pathway (Fischer et al., 2005; Wang et al., 2017) . Notch signaling has been extensively studied in Drosophila, and 4 mammalian homologs of Notch receptors have been characterized, Notch1-4. In parallel with the high sequence homology across species, Notch receptors shared highly conserved contributions to cell fate determination at various developmental stages (Gaiano and Fishell, 2002) . Notch signaling was also responsible for the dendrite development in murine adult-born neurons and its disruption was associated with some severe cognitive deficits (Ding et al., 2016) .
To address whether HDACs and their consequent histone modifications are intrinsically involved in the Pb-induced neurotoxicity, we used pharmacological and genetic approaches to investigate the neurite outgrowth profiles and multiple molecular events controlled by Pb. Our study first established the precise roles of HDAC1/2 in Pb-induced neurotoxicity and shed light on the mechanistic studies in this pervasive environmental deterioration.
MATERIALS AND METHODS
Reagents and antibodies. Antibodies were used in this study: anti-HDAC1 (Proteintech, Wuhan, China), anti-HDAC2 (Proteintech), anti-HDAC3 (Cell Signaling, Beverly, MA), anti-H3K9 acetylation (Abcam, Cambridge), anti-EZH2 (Cell Signaling), anti-histone H3 Lys27 trimethylation (H3K27me 3 ; Abcam), anti-Notch2 (HopeBiot, Zhenjiang, China), Acrylamide, b-mercaptoethanol, bis-acrylamide, Triton X-100, Hybond nitrocellulose, Tris, sodium dodecyl sulfate, Golgi-Cox staining solution (ammonium hydroxide, ethanol, Trichloromethane, xylene), and Pb acetate (with the final concentrations fixed to 5, 10 lM, respectively) were procured from Sinopharm Group (Beijing, China). Trichostatin A (TSA) was obtained from Sigma Aldrich. All other reagents were of the highest analytical level.
Cell culture. The PC12 (a rat pheochromocytoma cell line) was obtained from Cell Bank of Chinese Academy of Sciences (undifferentiated and differentiated lines, CAS, Shanghai, China). Then, PC12 cells were grown in RPMI1640 medium containing 10% heat-inactivated horse serum, 5% fetal bovine serum, and 1% penicillin-streptomycin, which were maintained in a humidified atmosphere of 95% air and 5% CO 2 at 37 C in an incubator (Obin et al., 1999; Xue et al., 2017a) . Pb acetate with various final concentrations was added at 24 h of growth, and cells were allowed to continue its growth for 24 or 36 h prior to the subsequent assays. In contrast, for undifferentiated cell lines, the medium was replaced with fresh medium containing 1% heat-inactivated horse serum, 0.5% fetal bovine serum, and 1% penicillin-streptomycin with nerve growth factor (NGF, 50 ng/ml) with or without Pb exposure again after plating 24 h (Cohen et al., 2014; Obin et al., 1999; Xue et al., 2017a) .
Quantification of NGF-induced neurite outgrowth in PC12 cells.
Medium with the addition of NGF (50 ng/ml) was replaced every 24 h until 3 days (Xue et al., 2017a) . Cell morphology was observed using an upright fluorescence microscope (Nikon Eclipse 80i, Japan) and analysis was carried out according to the digitized images. Differentiated cells were quantified by visual examination of the field. The Sholl analysis was performed according to the manufacture instructions using Image J software (NIH) (Henriquez et al., 2013) and the neurite outgrowth index (NOI) values, calculated as the percentage of cells with neurites longer twice the cell width was measured.
Plasmid construction and DNA transfection. The shHDAC1/2 vector and shHDAC2 vector were constructed by the vector pRNAT-U6.1-Neo (Genescript, Beijing, China). The annealed shRNA fragments were ligated into the BamH I/Hind III restriction sites of the vector, resulting in the pRNAT-shHDAC1/2 and pRNAT-shHDAC2. The target sequence of shHDAC1/2 and shHDAC2 were 5 0 -GGATCC GGATGACTCATAACT-3 0 and 5 0 -GGAGGACAAGAGGACAGATG-3 0 , respectively. A vector targeting the scrambled sequence was also established as a negative control. When PC12 cell density was 50%-80% confluent, the transfection was performed by using Lipofectamine 3000 (Invitrogen) according to the manufacturer's protocol with some modifications: briefly, separately diluted Lipofectamine 3000 Reagent and DNA/P3000 Reagent mixture with medium without PenicillinStreptomycin separately were mixed well and incubated for 5 min followed by mixing DNA and Lipofectamine 3000 Reagent and incubation for another 25 min. Subsequently, DNA-lipid complex was added to cells with the previous liquid replaced after 4 h.
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to assess the cell viability as described previously (Xue et al., 2017b) with some modifications: briefly, 0.1 ml of PC 12 cells (2 Â 104 cells/ml) was seeded into 96-well plate (Mo et al., 2016) . The medium containing varying concentrations of Pb or TSA was added to cells following 12 h incubation. After 24 h, 50 ll of MTT solution (5%) was added to the culture and incubated for 4 h at 37 C in the dark environment.
The medium was removed from each well carefully and 50 ll/ well Dimethyl sulfoxide was added to solubilize formazan. The absorbance of the colored solution was measured at 570 nm using a Varioskan Flash microplate reader (ThermoScientific). All of the experiments were performed in triplicate. The cell viability of the untreated group was then normalized as 100%. (Luo et al., 2014; Xue et al., 2017b) . The pups acquired Pb indirectly through the milk of their mothers fed with drinking water contained Pb acetate (250 ppm Pb) and directly acquired Pb by themselves after postnatal day 21 (PND 21). On the 7th day, rats were anesthetized with chloral hydrate (420 mg/kg; ip) and their scalps were shaved. After being mounted on a stereotaxic apparatus (MADE IN), 2 small holes were drilled to allow for viral injections into both the hemispheres of the hippocampal areas.
The target sequence of HDAC1/2 shRNA is GGATCCGGATGACTCATAACT, which was constructed to pAAV-CAG-eGFP-U6-shRNA vector. Packages of AAV 2/8 viruses were provided by Obio Technology, Shanghai, China. Viral titers were 5.00 Â 1012 particles/ml. A 0.5 ll of high-titer AAVs was administrated per site. The coordinates for stereotaxic injections were -2.2 mm anterior-posterior, 61.9 mm mediallateral, -1.2 mm dorso-ventral from bregma for one site, and -1.5 mm, 61 mm, -1.2 mm for another at a rate of 0.05 ll/min. Injection needles were left in the holes for 10 min postadministration to ensure the distribution of the viruses.
Tissue preparation and confocal microscopy. After AAV viral injection for 2 weeks, rats were anaesthetized and transcarnially perfused with 0.9% NaCl followed by 4% paraformaldehyde (PFA4%) dissolved in 0.1 M phosphate buffered saline (PBS 0.1 mol). Brains were extracted and postfixed in PFA 4% for 24 h. After that brains were transferred to 30% sucrose for 48-72 h and then to 50% sucrose for 48-72 h before slicing 40 lm coronal frozen sections of the entire hippocampus. Sections were mounted on slides and cover slipped using mounting media with 4 0 ,6-diamidino-2-phenylindole (DAPI) (H-1200, Vector) to label cell nuclei and stored at 4 C. A confocal laser scanning microscope was used for image acquisition (FV 1000, Olympus). Images of cells expressing eGFP and DAPI were collected for hippocampus by using 4 Â and 20Â objective lens.
Behavioral tests. The Morris water maze (MWM) tests were conducted according to the previous study with minor modifications. Experiments were in a circular pool with a diameter of 160 cm and depth of 70 cm, which was filled to a depth of 40 cm with opaque water by addition of caramel coloring, keeping the temperature about 23 6 1 C. Each rat was trained for 4 trials daily for 5 days to find the hidden platform. When it reached the platform, it stayed on it for 30 s. If it failed to reach the platform within 60 s, it was guided and allowed to remain there for the same period of time. The platform was removed on the 6th day, then each rat was afforded 60 s probe trial to measure its ability of memory retention. Performance was video-recorded and analyzed by image analyzing software (ANY-maze; Stoelting). The platform crossings and time spent on the target quadrant were recorded.
Golgi-Cox staining and spine density assay. To analyze the changes in the morphology of the dendritic spines in hippocampus, the Golgi-Cox staining was applied with minor modification as described . Briefly, 2 weeks after AAV viral injection, SD rat pups were deeply anesthetized with CO 2 and decapitated.
Then, brains were removed, dissected and stored at 37 C in dark place for 2 days in Golgi-Cox solution. After that brains were sectioned at 200 lm in the 6% sucrose with a vibratome (VT1000S, Leica, GER). All sections were collected on 5% gelatin-coated slides. Then, after slices were stained with ammonia for 60 min, washed with water for 3 times, followed by Kodak Film Fix for 30 min, and then washed with water, dehydrated, cleared, and mounted using a resinous medium. The pyramidal neurons and granule neurons in hippocampal CA1 and DG region were imaged with a Nikon microscope using a 40Â objective. Finally, spine density within those neurons was analyzed using Image J software. The spines counted in the present study were on 2-3 stretches of the secondary dendrite about 10 lm in length.
Florescent quantitative real-time PCR. Purified total RNA was extracted with PureLink RNA mini kit (Thermo, Shanghai, China), according to the manufacturer's protocol. And then, the reverse transcription reactions were performed, generating the first strand of total cDNA. The resulting cDNA was quantified with Sybr-Green assays on Roche LightCycler96 (Shanghai, China) using primers pairs listed in Table 1 . The 20 ml reaction pool of florescent quantitative real-time PCR (qPCR) was composed of 7.2 ml of deionized water, 2 ml of cDNA template (10 times dilution), 0.8 ml of forward and reverse primer each, and 10 ml of SYBR premix Extaq. The results were normalized against b-actin as an internal control. The quantitative results were obtained from quadruplicate experiments. The primers used in this study were listed in Table 1 .
Immunofluorescence. Immunofluorescence was performed according to the method of Stansfield et al. (2012) after 24 h of Pb administration. Briefly, PC12 cells grown on coverslips were rinsed in PBS and fixed in 4% PFA, followed by another fixation in ice-cold methanol. The 0.5% of Triton X-100 was added to permeabilize the membranes and subsequently 5% of normal goat serum was added to block the process. Fixed cells were incubated with anti-HDAC1 and anti-HDAC2 antibody overnight at 4 C with the dilution of 1:100. Subsequently, coverslips were incubated with the second antibody diluted in block solution. Coverslips were mounted onto slides in Prolong Gold mounting media with DAPI (Invitrogen, Shanghai, China). Immunofluorescent-labeled cells were imaged at 20Â magnification using fluorescence microscopy.
Western blot analysis. The protein levels were analyzed using Western blot. Whole-cell protein extraction, histone isolation, and Western blot analysis were performed as previously described . PC12 cells were dissolved in the ice lysis-buffer containing a cocktail of protein phosphatase and protease inhibitors to avoid dephosphorylation and degradation of proteins and detached by scraping. The total protein concentration of each sample was determined using the bicinchoninic acid method (Beyotime Biotechnology, China). Equal amounts of protein (25 lg) were loaded onto a 12% SDS-Polyacrylamide gel electrophoresis (PAGE) gel, and separated proteins were transferred to Polyvinylidene fluoride membrane (Millipore). For immunodetection, the blots were blocked for 1 h by 5% nonfat dry milk at room temperature, followed by incubation with the primary antibodies overnight at 4 C. And then proteins were incubated with secondary antibody and developed using the enhanced chemiluminescence immuno-blotting detection system (Thermo). The band density was normalized to H3 when analyzing.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assay identifies links between the genome and the proteome by monitoring transcription regulation through histone modification (Xue et al., 2017a) , which was performed according to the Pierce Agarose ChIP Kit (Thermo). Briefly, the collected PC 12 cells were cross-linked with 1% formaldehyde for 10 min at 37 C in a chemical fume hood, washed 3 times with ice-cold PBS and lysed with lysis buffer (140 mM NaCl; 50 mM Hepes-KOH pH 7.5; 10% glycerol; 0.25% Triton X-100; 0.5% NP-40; 1 mM EDTA). The cross-linked samples were then subjected to digestion for 15 min using micrococcal nuclease (ChIP Grade) and mixed every 5 min after cracking cell membrane. The digested samples were subjected to nuclear membrane cracking and centrifugation, and the resultant supernatant was collected for IP trails. The digested bands were ranging between 170 and 1000 bp. Incubated digested chromatin with anti-HDAC2 (diluted by 1:500) antibody or unimmune IgG for IP and mock group, respectively. The IP reactions were performed overnight at 4 C on a rocking platform. And then chromatin was incubated with agarose resin for 1 h at 4 C. Following the extensive washing, bound chromatin and input DNA were placed in elution buffer (300 mM NaCl; 10 mM Tris-HCl; 0.5% SDS pH 8.0; 5 mM EDTA) and reversely cross-linked. Immunoprecipitated DNA and input DNA were both treated with RNaseA (Sigma-Aldrich, Shanghai, China) and proteinase K, prior to being purified with a QIAquick PCR purification kit (QIAGEN, Dusseldorf, Germany). Ultimately, qPCR was performed as indicated previously and primers used are listed in Table 1 . The primer pairs cover the region of -662 to -532 (from TSS) of HDAC2 and -691 to -509 of Notch2, respectively.
Coimmunoprecipitation. Coimmunoprecipitation (CO-IP) is a powerful method used to study protein/protein interactions, which was performed according to the protocol of Nuclear Complex CO-IP Kit (Active Motif) with some modifications. For this, the cells were collected in ice-cold PBS in the presence of phosphatase inhibitors and then resuspended in hypotonic buffer to swell the cell membrane and make it fragile. Addition of detergent causes leakage of the cytoplasmic proteins into the supernatant. After the removal of the cytoplasmic fraction, the nuclei were lysed and the nuclear proteins were recovered in a lowsalt buffer in the presence of the Protease Inhibitor Cocktail and PMSF which was followed by the addition of a proprietary Enzymatic Shearing Cocktail. The supernatant was transferred to a fresh tube, with a fraction pipetted out as input. IP buffer was added to bring samples to a total volume of 500 lL. The 5 lg of anti-HDAC2 antibody or unimmune IgG was added to the sample and incubated overnight at 4 C. Subsequently, protein A/G beads (1:100) were added and incubated on a rotator at 4 C for 4 h. The beads were washed 4 times with lysis buffer and quenched with 30 ll of SDS sample buffer. Coimmunoprecipitates were resolved by SDS-PAGE and analyzed by Western blotting with anti-HDAC1, anti-HDAC2, anti-HDAC3, anti-EZH2, respectively.
Statistical analysis. Results were obtained from at least 3 independent experiments. All data were expressed as mean 6 SEM. The statistical significance of the differences among groups was examined using t-test through SPSS (Version 19.0) and software 1-way analysis of variance (ANOVA). *, **, and *** were used to represent p < .05, p < 0.01, and p < .001, respectively.
RESULTS

HDAC2 and Acetylation of Lys9 on Histone H3 Are Altered by Pb
Exposure In Vitro and In Vivo PC 12 cell line in the presence of NGF had a rounded morphology as a model to illustrate the neurite outgrowth. As shown in Supplementary Figure 1 , upon Pb exposure for 24 h with the concentration of 10 lM, the number of cellular branches, the cell number with considerable neurites, and the crossings involved decreased dramatically which was consistent with our previous work (Du et al., 2015; Ge et al., 2015) . Given HDAC2 plays a pivotal role in the cell cycle progression as well as hippocampal memory (Guan et al., 2009; Li et al., 2017) , its roles were investigated in the context of Pb neurotoxicity. As shown in Figures 1A and 1B , HDAC2 levels were markedly increased due to the administration of Pb (10 mM) into PC 12 cells. Of note, HDAC2 immuno-staining signal was increased in Pb-treated cells compared with the control group, whereas it was primarily presented in the cellular nuclei ( Figure 1A ). Cases in vivo were further investigated. The new-born pups were chronically exposed by Pb acetate (250 ppm) till PND 21, the moment its hippocampus was separated for the protein assay. Western blot analysis showed that HDAC2's expression was aberrantly stimulated in the hippocampus of Pb-treated rats, a similar tendency with the results in the cell line ( Figure 1D ).
HDAC2 catalyzes the deacetylation of histones, which in turn results in a stimulated expression of multiple genes through relaxing the histone compaction (Mews et al., 2017) . Whether the changes in HDAC2 lead to a concomitant change of histone acetylation is then subjected to investigations. It is found that the levels of acetylation of Lys9 on histone H3 (Ac-H3K9) were markedly upregulated upon Pb exposure, both in the cellular and animal context (Figs. 1C and 1E ).
HDAC2 Is Regulated by H3K27me
3 In Vitro and In Vivo
Considering the key roles of HDAC2 in Pb-induced neurotoxicity, it is warranted to further inspect the molecular grounds leading to its alterations. A ChIP-chip trail using H3K27me 3 antibodies in primary neuronal cultures unexpectedly identified HDAC2 as one of its regulatory targets (unpublished data). To validate the presence of this extraordinary longitudinal relationship in this studied context, a ChIP-qPCR experiment was performed, unveiling H3K27me 3 occupancy on the promoter region of HDAC2 (Figure 2A ). In addition, when EZH2 (the leading enzyme responsible for H3K27me 3 ) was overexpressed in vitro and in vivo (Figs. 2B-F) , HDAC2 mRNA and protein levels were considerably decreased, indicating a direct regulatory link between H3K27me 3 and HDAC2.
As the level of EZH2 was concomitantly reduced by Pb ( Figure 2D ), EZH2 rescue also recovered the lead-promoted expression of HDAC2 (Figs. 2B-F) , indicating that HDAC2 was elevated due to a decrease in H3K27me 3 level by Pb exposure.
Enhanced Ac-H3K9 Ameliorated the Impaired Neurite Outgrowth Through TSA Treatment To further confirm that HDAC played an important role in alteration of Ac-H3K9, TSA, which selectively inhibits the class I and II mammalian HDAC families of enzymes (Vanhaecke et al., 2004) , was administered to PC12 cells. Firstly, the viability of cells with TSA was assessed via the MTT assay. It was shown from Supplementary Figure 2 , the use of TSA ranging from 0 to 5 nM did not cause lethal effects on cells. Subsequently, we determined whether TSA could rescue the aberrant decline of Ac-H3K9. Our results displayed that TSA treatment significantly reduced the expression of HDAC2 and consequently, increased histone acetylation ( Figure 3A ). To investigate whether these molecular events genuinely mediate the phenotypic deficits caused by Pb, the neurite outgrowth profiles of PC 12 cells were determined upon the addition of TSA. The representative images of the neurite outgrowth profiles were evidenced in Figure 3B . Subsequently, the number of the primary, secondary, tertiary, NOI, and total branches were measured and the results (Figs. 3C-E) consistently demonstrated that TSA treatment led to a marked recovery of Pb-impaired cells. Subsequently, NOI and sholl analysis ( Figure 3F ) showed that the percentage of cells with soma-sized neurites decreased significantly due to Pb exposure, which was then partially resumed through TSA treatment. Therefore, TSA treatment markedly changed the intricate neural responses, specifically, neurite growth and cell morphology.
HDAC2 Mediated Pb-induced Neurotoxicity
To establish the mechanistic link of HDAC2 with Pb-induced neurotoxicity, we used a genetic experimental approach to knock down HDAC2 expression (shHDAC2). The schematic representation of the constructed vector, namely pRNATshHDAC2, was shown in Figure 4A . In this paradigm, it is seen that shHDAC2 produced a robust knockdown of HDAC2 mRNA and H3K27me 3 were used to perform the ChIP assay, respectively. Percentages of input DNA were shown as the means 6 SEM of triplicate independent experiments. Effects of EZH2's overexpression on the relative mRNA (B and C) and protein (D and E) levels of HDAC2 in vivo and in vitro by Pb exposure. Data were shown as mean 6 SEM (n ¼ 3).
*Statistical significance of differences of p < .05, **statistical significance of differences of p < .01, and ***statistical significance of differences of p < .001.
and protein levels (Figs. 4B and 4C ). The specificity of the construct was confirmed via the measurement of HDAC1, which did not exhibit any significant changes (Supplementary Figure 3) . Subsequently, as shown in Figure 4C , upon Pb exposure, a dramatic increase of Ac-H3K9 was observed. Concerning the roles of HDAC2 in neurite outgrowth deficits, the representative images of the neurite profiles were evidenced with shHDAC2 transfection ( Figure 4D ). It was found that the impairment caused by Pb exposure could be partly rescued by HDAC2 knocking down, as manifested by significant recovery of NOI ( Figure 4E ), total length ( Figure 4F ), number of branches ( Figure 4G ), and sholl analysis ( Figure 4H ) in HDAC2-KD cells. The data here suggested that HDAC2 mediated Pbinduced neurotoxicity.
Enhanced Interaction Between the Corepressor Complex of HDAC1/ HDAC2 in Pb-treated Cells HDAC2 posed its regulatory effect either independently or through a corepressor complex, usually consisting of HDAC1, HDAC3, or EZH2 (Tong et al., 2012) . Therefore, we investigated the presence of a similar complex in the studied toxicological process. Based on the immunofluorescence trials, HDAC1 and HDAC2 substantially colocalized to the nuclei of PC12 cells, indicating their close interaction in this toxicological environment ( Figure 5A ). Additionally, it could be observed that the levels of both proteins were elevated through Pb administration, a phenomenon consistent with the previous finding ( Supplementary  Figure 4) .
Meanwhile, CO-IP assay validated the presence of HDAC1/2 complex, as HDAC1 could be detected from HDAC2 immunoprecipitates, and vice versa (Figs. 5B and 5C ). Moreover, Pb exposure profoundly strengthened the interaction of HDAC1 and HDAC2, indicating that the complex HDAC1/2 was literally involved in the cascade of cellular and molecular changes induced by Pb exposure. Besides, HDAC2 did not interact directly with HDAC3 or EZH2. The results here suggested that regulatory roles of the complex HDAC1/2 need to be further elucidated.
Double Knockdown of HDAC1/2 Rescues the Pb-induced Neurite Outgrowth Deficits
To address this issue, a double knockdown vector, namely shHDAC1/2, was established through targeting the consensus sequence of HDAC1 and HDAC2, GGATCCGGATGACTCATAACT. To verify its potency, the mRNA and protein levels of HDACs were examined upon its delivery, showing a remarkable decrease for the expression of HDAC1 and HDAC2 (Figs. 6A and 6B) . Concerning Ac-H3K9 changes, Figures 6B and 6C show that shHDAC1/2 introduction efficiently elevated its level to a relatively larger extent than HDAC2 knockdown alone.
Subsequently, neurite outgrowth in PC12 cells was profiled upon HDAC1/2 suppression. As shown in Figure 6D , the impaired neurite outgrowth induced by Pb exposure could be partly rescued by knockdown of HDAC1/2, as reflected by significant increment of total length ( Figure 6E ), NOI ( Figure 6F ), number of branches ( Figure 6G ), and sholl analysis ( Figure 6H ). It is noteworthy that the deletion of HDAC1/2 prevented Pb-induced injuries more notably than KD-HDAC2 alone, only in a perspective of cell morphology complexity depicted by sholl analysis ( Figure 6H ). The results indicated that the complex HDAC1/2 was involved in mediating the neurotoxic process of damaged neurite outgrowth of PC12 cells.
Spatial Memory Improvement in Pb-exposed SD Rats by Injecting HDAC1/2-KD AAV Virus To further confirm the roles of HDAC1/2 in Pb-induced impairment on learning and memory in vivo, we took advantage of AAVmediated shRNA delivery ( Figure 7A ). At PND 7, the AAVshHDAC1/2 or Green fluorescent protein (AAV-shRNA-control) was injected into bilateral hippocampus of rats. Two weeks later, AAV's infection was detected in the whole bilateral hippocampal area, as indicated by green fluorescence ( Figure 7B ). In the rats of HDAC1/2-KD group, HDAC1 and HDAC2 in hippocampus displayed a lower level relative to the Pb group ( Figure 7C) . Moreover, as shown in Figure 7C , we observed an aberrant rescue of Ac-H3K9 in Pb-exposed rats through the infection of AAV-HDAC1/2.
We further investigated the exposure effects of HDAC1/2 knockdown on Pb-induced spatial memory deficits by conducting Y-maze and MWM. In Y-maze test, the rats with reduced HDAC1/2 performed better than the control group following Pb exposure, as evidenced by the observation that the HDAC1/2-KD rats showed a higher spontaneous alternation percentage and total distance travelled (Figs. 7D and 7E) . And in MWM test, as illustrated in Figures 7F-J , Pb exposure significantly affected the rats' memory behavior, which could be then strikingly rescued by reducing HDAC1/2 levels, as reflected by significant reductions in the distance to platform ( Figure 7G ) and escape latency time ( Figure 7H ), greater number of annulus crossing ( Figure 7I) , and more distance traveled in target quadrant ( Figure 7J ). Collectively, these results indicated that knockdown of HDAC1/ 2 can rescue cognitive decline in Pb-treated rats. analyzed, and error bars indicate SEM. *Statistical significance of differences of p < .05, **statistical significance of differences of p < .01, and *** statistical significance of differences of p < .001.
Subsequently, to further confirm HDAC1/2 roles in Pbinduced memory deficits in a subcellular perspective, Golgi-Cox staining method which impregnated dendritic arborization and dendritic spines was performed. It is known that dendritic spine densities are the morphological and structural basis for synaptic plasticity, learning and memory (Xue et al., 2017b) . Representative sections of Golgi-Cox-stained dendrites are shown in Figures 7K and 7L . As illustrated in Figures 7M and 7N , there was a marked reduction of the dendritic spine densities in CA1 and DG area in the Pb-exposed group which was consistent with previous studies Xue et al., 2017b) . Furthermore, in response to AAV-HDAC1/2 delivery following Pb exposure, spine densities were increased in a percentage of 28.83% and 14.53% for CA1 and DG neurons, respectively. It indicated that knockdown of HDAC1/2 was able to protect against Pb-induced loss of dendritic spines.
Notch2 Is the Functional Target of the HDAC1/2 and Ac-H3K9 Alterations As a transcriptional regulator, Ac-H3K9 was regarded to play its roles primarily through the regulation of target genes expression. Notch signaling pathway was implicated in cell-fate determination of progenitor cells, and terminal differentiation of proliferating cells (Jö ckel et al., 2006; Li and Harris, 2005) . Therefore, it is plausible to examine the Ac-H3K9 enrichment on the promoter region of the Notch2 gene. ChIP assay showed Antibodies used for IP and Western blotting (WB) were labeled as grey and black, respectively. Prior to carrying out the IP experiments, one-tenth of total lysates were subjected to the respective WB as input controls. The maximum value obtained from the control sample was set as "1" for normalization. Data were shown as mean 6 SEM (n ¼ 3). ***Statistical significance of differences of p < .001. the association between Ac-H3K9 and Notch2 in the studied context ( Figure 8A ). This in situ inspection provided an evidence that H3K9 acetylation posed its regulatory effect through its interaction with the Notch2. Next, whether Pb exposure also resulted in the altered expression of Notch2 was further explored. As shown in Figures 8B and 8C , the expression of Notch2 and Notch2IC (Notch intracellular domain) was significantly reduced in response to Pb exposure.
The intervention strategies were then utilized to investigate if Notch2 level could be rescued along with the repaired neurite outgrowth. With Ac-H3K9, HDAC2, or HDAC1/2's inhibition through the use of TSA, shHDAC2, or shHDAC1/2, respectively, Notch2 expression was accordingly upregulated from the loss by the Pb exposure (Figs. 8B, 8D , and 8E). The findings here literally demonstrated that as fine-tuned by histone H3K9 acetylation, Notch signaling was significantly implicated in Pb-induced neurotoxicity (Figure 9 ).
DISCUSSION
It was previously proposed that HDACs could be involved in several toxicological process (Ge et al., 2013; Ping et al., 2014) . In this study, a potential relationship between HDAC1/2 and Pbinduced neuro-toxicology was investigated. One of the key findings here is Ac-H3K9, an epigenetic mark governing Notch2 expression, is down-regulated in the process of Pb neurotoxicity, which is a direct consequence of HDAC2 elevation. HDAC2 exerts its regulatory effect primarily through the interplay with HDAC1, establishing a complex potent in modulating the toxicological course. These findings, taken together, underscore a critical status of HDAC1/2 in bridging Pb exposure and the resulting neurological deficits. In parallel with its considerable roles in medical intervention, characterization of HDAC1/2 is supposed to favor the molecular studies involved in this neurotoxicological process.
There is growing evidence to support a role for epigenetic dysfunction in neurological deficits caused by Pb exposure (Rutten and Mill, 2009; Senut et al., 2012; White et al., 2007) , establishing it as 1 of 4 new research avenues of Pb-induced neurotoxicology. Although a majority of literatures suggested DNA methylation as the essential mechanisms (Rutten and Mill, 2009) , information concerning the roles of histone acetylation in Pb-mediated adversity also began to emerge. For instance, our previous study discovered that the developmental Pb exposure could result in the upregulation of histone acetylation in the rat hippocampus (Luo et al., 2014) . In contrast with it, the levels of histone H3K9 acetylation showed a marked reduction upon Pb exposure (Figs. 1C and 1E ), which is a proof that the specific acetylation site might respond variably to the altered cellular context. Despite this, why environmental indications could elicit these epigenetic changes are still not well documented. Some studies (Kanherkar et al., 2014) argued that the altered bioavailability of causative enzymes might be intrinsically involved. In terms of H3K9 acetylation, it is unveiled here that the expressional alterations of HDACs were prominently implicated in this Pb-induced epigenetic dysfunction. As diverse HDAC isoforms were present in the nervous system (Mahgoub and Monteggia, 2014) , it is rational to speculate that these isoforms differ in their activities attributable to the perturbation of histone acetylation. The present investigation validated this assumption, whereas the expression of HDAC1/2/4 was stimulated and the other isoforms remained unchanged (Supplementary Figure 5) . Particularly, compared with the ubiquitous presence of Class I HDACs, Class II HDACs were usually enriched in a restricted type of cells, like neurons. In parallel with HDAC1/2 profiles, HDAC4 expression was also promoted in the studied cellular context. Nonetheless, it is previously suggested that HDAC4 predominantly played neuroprotective roles and normally did not account for deacetylation of histones (Bardai et al., 2012) . Hence, how it participated into the neurological deficits independent of epigenetic modulation is an intriguing issue to be addressed in the subsequent investigations.
Based on our findings here, it could be proposed that HDAC2 acts as an epigenetic switch controlling the toxic or recovery pathways in the context of Pb exposure. This hypothesis relies on several key observations: firstly, HDAC2 increase signifies the adverse outcome, as it was drastically upregulated upon Pb exposure; Secondly, a resumed quantity of HDAC2 signifies the rescued phenotype, irrespective of treatment with broad or specific inhibitors. Overall, HDAC2 alterations are regularly accompanied by concordant changes in Ac-H3K9 and Notch2. This suggests that, in Pb-induced toxicity, HDAC2 poses its regulatory function via an epigenetically dependent fashion, but it does not exclude the possibility that HDAC2 could also regulate some functional genes without the involvement of histone modifications.
HDAC1 and HDAC2 show high similarities for their amino acid sequences, and in some instances, form a corepressor Figure 7 . Stereotactic injection of HDAC1/2-KD virus can improve the learning and memory in Pb exposed SD rats. A, Schematic illustration of experimental design and AAV-vector's construction. Pb-exposed rats were injected with repackaged AAV virus at PND 7. Rats were trained for 5 days in the Morris water maze (MWM) and tested 24 h later. Spine examinations were conducted at PND 21 and following behavioral test, respectively. B, Representative diagram of the approximate virus injection site in the bilateral hippocampus of HDAC1/2-deleting rats. C, Hippocampus sections containing GFP fluorescence were laser microdissected and subjected to Western blot for assessing the protein levels of HDAC1, HDAC2, and H3K9ac. H3 was used as the internal control. Data were shown as mean 6 SEM (n ¼ 3). Distance in 5 min (D) and percentage of alternation (E) in Y-maze test. For analysis of the Y-maze test's data, we used 1-way ANOVA. F, Representative swimming paths in the probe test of the MWM experiment. The directions "north," "south," "east," and "west" are indicated as "N," "S," "E," and "W," respectively. The "southeast" quadrant was the target quadrant. There were at least 8 rats in each group. Distance traveled to reach the platform (G), latency (H), platform crossings (I), and time spent in target quadrant (G) by SD rats during MWM training tests, respectively. We compared group of Ctrl with Pb, Pb þ HDAC1/2 knockdown group using 2-way ANOVA with TUKEY test. K and L, Golgi-Cox staining represented the dendritic arborization and dendritic shaft with spines of CA1 and DG, bars represented 10 lm. The changes of dendritic spine density (the number of dendritic spines contained with 10mm) of CA1 [M] and DG [N] . n ¼ 6 for rats and n ¼ 30-35 for neurons per group. *Statistical significance of differences of p < .05, **statistical significance of differences of p < .01, and ***statistical significance of differences of p < .001. domain (Notch2IC) of Ctrl and Pb (10 lM) groups were presented. Representative Western blots of Notch2, Notch2IC, and GAPDH (internal control) proteins were shown in the upper portion. The maximum value obtained from the control sample was set as "1" for normalization. Data were shown as mean 6 SEM (n ¼ 3). D-E, qPCR confirmed a significant increase of Notch2 mRNA in Pb-treated PC12 cells. The maximum value obtained from the control sample was set as "1" for normalization. Data were shown as mean 6 SEM (n ¼ 3). *Statistical significance of differences of p < .05, **statistical significance of differences of p < .01, and ***statistical significance of differences of p < .001. complex to release their activities (Zhao et al., 2016) . The case also applies to Pb toxicity, whereas HDAC1 and HDAC2 cooperate more closely in Pb-treated cells. The HDAC1/2 complex seems to have a better capacity to catalyze the histone deacetylation, compared with HDAC2 alone ( Figure 6C ). However, when it comes to the specific aspect of Pb-induced impairments, the situation becomes divergent, that is, for some measurements (branch number, length), shHDAC2 and shHDAC1/2 showed the similar rescue effects (data not shown). Then, it is alluring to speculate that HDAC2 possesses a predominant status within the complex. Intriguingly, although Akhtar and colleagues observed complementary functions of HDAC1 and 2 in synapse development, in Pb-treated PC 12 cells, HDAC1 couldn not compensate for the decline in HDAC2, thus, HDAC1 alone (while HDAC2 resumed to normal) could not maitain the adverse consequences.
Various regulatory elements might cooperate in defining the actual expression of the target gene. It was previously shown that HDAC usually coexists with PRC2 complex (Cheng et al., 2011; Vlag and Otte, 2000) , adding complexity and plasticity to the epigenetic modulation. In this case, Notch2 is unlikely to be regulated by HDAC and PRC2 simultaneously, as CO-IP assay did not reveal a visible interaction between HDAC2 and EZH2 ( Figure 5 ). However, unexpectedly, the transcription of HDAC2 itself is governed by EZH2 as well as its epigenetic counterpart, H3K27me 3 ( Figure 2 ). On this basis, an upstream-downstream mode, instead of cooperating one, is likely to be involved in the molecular cascade induced by Pb exposure. Despite this fact, there are probably other transregulatory elements cooperating with HDAC1/2, as TSA addition caused Notch2's level to exceed its original quantity ( Figure 8B ). One possibility might be the occupation of "other regulatory elements" which was also changed in response to pharmaceutical or genetic treatment. Further efforts are needed to validate the hypothesis. Overall, the alterations of functional genes are probably attributed to the complex and joint action of multiple histone modifications. To conclude, this study provided insight into the central roles of HDAC1/2 in the neurotoxicity caused by Pb exposure. Based on these findings, characterization of HDAC1/2 roles provides novel avenues on the etiology studies involved in Pbinduced neurotoxicity.
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